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Background: Pancreatic neuroendocrine tumors (PNETs) grade is very important for
treatment strategy of PNETs. The present study aimed to find the quantitative radiomic
features for predicting grades of PNETs in MR images.

Materials and Methods: Totally 48 patients but 51 lesions with a pathological tumor
grade were subdivided into low grade (G1) group and intermediate grade (G2) group. The
ROI was manually segmented slice by slice in 3D-T1 weighted sequence with and without
enhancement. Statistical differences of radiomic features between G1 and G2 groups
were analyzed using the independent sample t-test. Logistic regression analysis was
conducted to find better predictors in distinguishing G1 and G2 groups. Finally, receiver
operating characteristic (ROC) was constructed to assess diagnostic performance of
each model.

Results: No significant difference between G1 and G2 groups (P > 0.05) in non-enhanced
3D-T1 images was found. Significant differences in the arterial phase analysis between the
G1 and the G2 groups appeared as follows: the maximum intensity feature (P = 0.021);
the range feature (P = 0.039). Multiple logistic regression analysis based on univariable
model showed the maximum intensity feature (P=0.023, OR = 0.621, 95% CI: 0.433–
0.858) was an independent predictor of G1 compared with G2 group, and the area under
the curve (AUC) was 0.695.

Conclusions: The maximum intensity feature of radiomic features in MR images can help
to predict PNETs grade risk.
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INTRODUCTION

Pancreatic neuroendocrine tumors (PNETs), as the second most
common epithelial neoplasm of the pancreas (1, 2), have
increased significantly over the last decade (3). Based on
histological differentiation (including mitoses and Ki-67
proliferation index), the WHO 2017 classification (4) has
separated well-differentiated PNETs into three groups: low
grade (G1), intermediate grade (G2), and high grade (G3).
PNETs often cause severe morbidity due to excessive secretion
of hormones (such as serotonin) and/or overall tumor mass, but
in the clinic, lack of specific biomarkers inhibits early diagnosis
(5). It was reported (6) that the PNETs grading was useful for
therapeutic decisions and had a great impact on survival for
PNETs (7). According to the different grades risk of PNETs,
surgical resection or medical therapies should be performed for
different patients (2). As the biological behavior of PNETs is
relatively variable, pretreatment predictive aggressiveness of
individual tumors is therefore very important in determining
an efficient treatment strategy for patients to minimize harm
from possible over- or undertreatment, especially for those with
more advanced disease that cannot be resected (8).

MR imaging methods may help define the more appropriate
treatment strategy for PNETs in a non-invasive way (2). In fact,
previous studies have identified several traditional MR imaging
features that could be potentially valuable for discrimination of
tumor grades in PNETs (9–14), such as tumor sizes (15),
irregular margins, and enhancement pattern (9, 16, 17);
moreover, some authors reported that diffusion weighted
imaging (DWI) in MR imaging might have the capability of
roughly distinguishing high-grade PNETs from G1 tumors (16,
18–25).

However, now, except for these traditional MR features,
especially in DWI that suggested the discrimination of tumor
grades in PNETs, there are still no generally accepted
quantitative guidelines to predict the PNETs grading. Radiomic
analysis, as a more systematic approach, may provide more
quantitative information regarding the discrimination of
different biological behavior of PNETs (26), as it is able to
identify voxel-level changes within PNETs. Several studies had
focused on predictors of PNETs grades based on radiomic
analysis just only in CT imaging (27, 28). There were few
studies that focused on MR imaging based on radiomic
analysis. Thus, our study presents the hypothesis that there
may be some radiomic features in MR that can help to predict
grades of PNETs. The present study aims to find the quantitative
radiomic features for predicting grades of PNETs in MR images
with pathological diagnoses using radiomic analysis.
MATERIALS AND METHODS

MRI Examinations
All the MR examinations were performed using a 1.5T GE MRI
scanner (SignaExcite HD, GE Healthcare, Milwaukee, WI, USA)
equipped with eight channel phased-array coils, and the
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scanning parameters were as follows: T2-weighted MR images
with respiratory-triggered fat-saturated fast spin-echo sequences
for identifying the lesion’s location [TR/TE =7,500/86 ms; slice
thickness = 7 mm; space gap = 1 mm; field of view (FOV) =
40×34 cm; matrix = 128 × 128 or 320×160]. An axial breath-hold
T1-weighted 3D fat suppressed spoiled gradient-echo (GRE)
sequence (liver acquisition with volume acceleration, LAVA)
before contrast agent injection was used for dynamic contrast-
enhanced imaging (TR/TE = 6.2/3.1 ms; flipangle = 12; FOV =
315×360; matrix = 256×256; section thickness = 4 mm). Contrast
images were acquired during the arterial (20 s delay), portal
venous (60 s delay), and equilibrium phases (180 s delay), and
the contrast agent was applied with a bolus injection of 0.1
mmol/kg body weight of gadopentetate dimeglumine
(Magnevist, Bayer Schering, Berlin, Germany).

Delineation of ROI
The ROI in the present study was manually delineated and
segmented on the MR images. The lesions were manually
delineated and segmented slice by slice on the non-enhanced
and the enhancement T1 images for ROIs of the
radiomic analysis.

Finally, the seed ROIs were checked in each lesion of each
patient by another radiologist to ensure that the ROI in each
patient satisfied the lesion boundary definition.

Computerized Radiomic Analysis Based
on the ROI
The radiomic analysis was performed using the 3D slicer
software (Version 4.6.2; Surgical Planning Laboratory, Brigham
and Women’s Hospital, Harvard Medical School, Boston, MA,
USA) (http://www.slicer.org) (29). Then, the radiomic features
were calculated and extracted automatically using the module
called “Heterogeneity CAD”. The radiomic features (a total of 44
features, shown in Table S1 of the Supplementary Materials)
were divided into three categories, including the following (1):
first-order and distribution statistics (2), shape and morphology
metrics (3), the gray-level co-occurrence matrix (GLCM).

The overall procedure of this analytical scheme was
performed by two radiologists (with 9 and 6 years’ experience
in abdominal MR imaging, respectively). Finally, we computed
the means of each of the MR radiomic feature values measured
by the two independent observers. The interobserver agreement
regarding the radiomic features of the ROIs was calculated using
the interclass correlation coefficient analysis (ICC) using the
SPSS software.

Radiomic Statistical Analysis
All statistical analyses were conducted with the Statistical
Package for the Social Sciences version 19.0 (IBM Corp. IBM
SPSS Statistics for Windows). Interobserver agreement was
assessed using the interclass correlation coefficient analysis
(ICC). ICC value of ≤0.4 indicated poor agreement; 0.41–0.6,
moderate agreement; 0.61–0.80, substantial agreement; 0.81–
1.00, excellent agreement. Continuous variables were expressed
as mean ± SD, and statistical differences between G1 group and
G2 group were analyzed using the independent sample t-test for
November 2021 | Volume 11 | Article 758062
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differences in the radiomic features. The data was corrected by
Bonferroni’s approach (P < 0.05) with two-sided to control for
the type 1 errors.

Logistic regression analysis was conducted to find better
predictors in distinguishing G1 group and G2 group. Features
with p value of <0.05 in univariable model were entered into the
multiple logistic regression analysis. The stepwise model
selection using forward.LR (likelihood ratio test) methods was
used to select the final predictive model. Receiver operating
characteristic (ROC) curves for each model were constructed.
The area under the curve (AUC) and its 95% confidence interval
estimated using DeLong’s method were calculated to evaluate the
performances of the regressive models. A p value of <0.05 was
considered a significant difference.
RESULTS

Patients Population
The study was approved by the Medical Research Ethics
Committee and the Institutional Review Board. The patients in
our study underwent preoperative upper abdominal MRI at our
institution between January 2011 and January 2018. The
inclusion criteria for the PNETs patients in our study were as
follows: (1) patients with a surgery and pathological diagnosis of
pancreas tumor, and graded by the European Neuroendocrine
Tumor Society (ENETS), WHO 2017, based on mitotic count
and Ki-67 index; (2) diagnostic MRI scans before surgery; (3)
MRI images with a slice thickness of 5 mm or less.

Ultimately, there were 48 patients with 51 lesions (mean age,
50.4 years; age range, 16–74 years) who enrolled in our study.
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Based on systems of grading for PNETs, in our study, the lesions
were subdivided into low grade (G1) group and intermediate
grade (G2) group. Twenty-six of the patients (51.0%) had G1
lesions, and 25 (49.0%) had G2 lesions. The patients’ basic
clinical characteristics and the MRI features of the PNETs are
shown in Table 1.

The interobserver agreement regarding the radiomic features
of the PNETs ROI was generally acceptable (the value ranged
from 0.717 to 0.986).

Significant Radiomic Features Differences
of Tumor Grades
In the comparison of the radiomic analyses in non-enhanced T1
images, there was no significant difference between G1 group and
G2 group (P > 0.05). However, significant differences only in the
arterial phase analysis of enhanced images between the G1 group
and the G2 group appeared in the radiomic features as follows:
maximum intensity (P = 0.021, ICC = 0.807); range (P = 0.039,
ICC = 0.908) (Table 2).

Logistic Regression Analysis and
ROC Analysis for the Prediction of
Tumor Grades
We used the maximum intensity feature and the range feature
above as input variables for multiple logistic regression analysis.
Logistic regression analysis revealed that the maximum intensity
feature (P = 0.023, OR = 0.621, 95% CI: 0.433–0.858) was an
independent predictor of G1 group compared with G2 groups
(Table 3). The area under the curve (AUC) was 0.695 (95% CI:
0.543–0.846; P = 0.017) with a sensitivity and specificity of 50.0
and 92.0%, respectively (Figure 1).
TABLE 1 | The basic clinical characteristics of patients and the MRI features with WHO tumor grade of pancreatic neuroendocrine tumors. .

Features Tumor grade

G1 (n = 26) G2 (n = 25)

Female 18 (69.2%) 15 (60.0%)
Male 8 (30.8%) 10 (40.0%)
Age (years)
Mean 53.34 49.1
Range 16–67 26–74
Standard deviation 11.8 11.7
Tumor location
Pancreas head 8 (30.8%) 6 (24.0%)
Pancreas body 12 (46.2%) 12 (48.0%)
Pancreas tail 6 (23.0%) 7 (28.0%)
Tumor sizes (cm)
Mean ± SD 3.4 ± 2.1 3.6 ± 2.5
Range 1.0–10.3 1.0–10.5
Lesions (<2 cm) 9 6
Tumor pattern
Pancreatic duct dilatation 7 6
Chronic atrophic pancreatitis 3 5
Vascular involvement 6 12
Fibrosis on the surrounding pancreatic parenchyma 0 2
Ki-67 index (%) <2 3–10
Lymphadenopathy 0 4
Synchronous liver metastases 3 3
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DISCUSSION

PNETs grades were significant for tumor treatment. The present
study used MR imaging to predict the grades based on radiomic
analysis, and it showed that the maximum intensity feature in the
arterial phase T1 weight images of MR could be an independent
predictor of G1lesions compared with G2 lesions of PNETs.

Radiomic analysis has been suggested a useful tool for the
quantitative assessment of tumor heterogeneity (30, 31). The
heterogeneity within tumors is associated with histopathologic
grade and prognosis of tumors, which can reflect the intrinsic
biologic aggressiveness of tumors (32–34). Several previous (35)
studies have shown that the assessment of tumor heterogeneity had
an important value for diagnosis, grading, prognosis, and treatment
monitoring. MR imaging of tumor may provide a non-invasive
assessment of tumor heterogeneity and may represent a valuable
non-invasive tool in predicting the grading of PNETs and help for
aggressiveness and prognosis of PNETs.

There have been several studies that investigated the CT
radiomic characteristics, which can predict the grades of
PNETs (27, 28). It was shown that the sphericity feature of
radiomic variables on arterial 2D analysis of CT could be
significant predictors between grade 2/3 and grade 1 (28). And
also, the entropy feature of radiomic features in CT images was
found as an independent predictor of PNETs grade (27).

However, there were few studies focused on radiomic analysis in
MR images, although MR scanning can provide more sensitivity for
structural investigation and higher soft tissue contrast resolution
that makes it superior to CT in detecting PNETs, especially small
tumors. Several studies (36, 37) about MR data applied to PNETs
focused on ADC map, and it was found that the entropy and the
kutosis features of histogram analysis, which was a part of radiomic
analysis in ADC images ofMR, could predict the G1 compared with
the G2 of PNETs (36). Besides the most studies about MR features
in ADC map associated with PNETs grades, radiomic analysis of
PNETs in T1 weight images of MR were scarce, which could
provide some more different information of MR images than
ADC map. In a recent study it suggested that MRI radiomic score
showed a significant association with the grades of PNETs (38), and
another study showed the developed radiomics model using non-
contrast MRI could help differentiate G1 and G2/3 tumors (39);
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both of that suggested radiomicMRImay be used as a valuable non-
invasive tool for differential PNET grading.

In our study, we found that the maximum intensity feature of
radiomic features was an independent predictor of G1 lesions
compared with G2 lesions in the arterial phase T1 weight images of
MR, although statistical significance was not found in the non-
enhanced T1 images of MR. The results in our study showed G1
PNETs had significant differences on themaximum intensity feature
of radiomic features after enhancement compared with higher grade
tumors. It also coordinated with the previous report, which
demonstrated that G1 PNETs were enhanced more prominently
than higher-grade tumors in MR imaging (1). The lower-grade
PNETs showed significantly increased tumor blood flow than
higher-grade lesions (40). In the present study, the maximum
intensity feature means the value of the voxels in the image ROI
with thegreatest value,which is thought to reflect tissueheterogeneity
quantitativelyby images.Themaximumintensity featureof radiomic
featuresmay reflect the differences of blood flowwithin the tumor by
different values in the image, and also reflect the tumorheterogeneity.

The results of our study may contribute to the development of
predictingmodels that combinequantitativeandqualitative radiomic
features of imaging and traditional MR image feature predictors.

In the last couple of decades, the introduction and development of
the endoscopic ultrasonography (EUS) opened a new era of diagnosis
and treatment of PNETs, which had become a very useful imaging
modality to evaluate pancreatic lesions. Contrast-enhanced EUS is
helpful in categorizing small hypervascular PNETs (41), and studies
showed that EUS was superior for the detection of PNETs lesions
smaller than 2 cm (42–47). Its sensitivity was equal to MRI for the
detectionofPNETs.Otherbefits ofEUS include thedetectionof lymph
node involvement and vascular invasion. In the last few years, as the
development of properly designed needles for EUS-guided fine-needle
biopsy (EUS-FNB), the EUS-FNB was more important in the
evaluation of suspected PNETs, especially in small (with a diameter
smaller than 2 cm), non-functioning PNETs (45–47), which showed
stronger and more accurate correlation for Ki-67 values with surgical
specimens. MRI may not provide more accurate cytological
information inside the tumor than EUS-FNB; however, it is a non-
invasive technology compared with EUS-FNB, which can
quantitatively assess tumor heterogeneity. Also, each imaging
method is not perfect andneeds to be combined in future applications.
TABLE 3 | Logistic regression analysis of the radiomic features between grade G1 and G2 group of PNETs.

Feature Regression coefficients P value OR 95% CI

Maximum intensity −0.103 0.023 0.621 0.433~0.858
Nov
ember 2021 | Volume 11 | A
PNETs, pancreatic neuroendocrine tumors.
TABLE 2 | Significant differences in the radiomic features between PNETs G1 group and PNETs G2 group.

Texture features G1 group (n=26) G2 group (n=25) P value*

Maximum intensity 1,868.73 ± 489.34 1,595.80 ± 298.50 0.021
Range 1,284.88 ± 577.693 997.68 ± 358.45 0.039
rticl
Data are mean ± standard deviation
*Independent sample t test.
PNETs, pancreatic neuroendocrine tumors.
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Our study had several limitations. First, as it was of retrospective
design and PNETs are rare tumors. The patients in our study
included only 48 patients with 51 lesions with G1or G2 PNETs.
Second, in our study, tumor segmentation was manually performed
and which may be influenced by some manual errors, as well as
affecting the radiomic analysis results. So robust automatic boundary
extraction method should be further developed for accurate ROI
lesions. Nevertheless, additional long-term studies are needed to
validate the results in larger population and in other sequences of
MR images.
CONCLUSIONS

In conclusion, radiomic analysis of MR is helpful for the
prediction of PNETs grade. The maximum intensity feature
can help to identify the G1 PNETs from G2 PNETs on the
arterial phase images of MR, which may be also applied to early
recurrence or progression after surgical resection of PNETs in
the further study.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
Frontiers in Oncology | www.frontiersin.org 5
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Medical Research Ethics Committee and the
Institutional Review Board of Tianjin Medical University Cancer
Institute and Hospital. Written informed consent for
participation was not required for this study in accordance
with the national legislation and the institutional requirements.
AUTHOR CONTRIBUTIONS

WL made contributions to study concepts and design, literature
research, statistical analysis, manuscript preparation, and
manuscript editing. CX made contributions to clinical studies.
ZY contributed as guarantor of the integrity of the entire study.
All authors contributed to the article and approved the
submitted version.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
758062/full#supplementary-material
REFERENCES

1. Kim JH, Eun HW, Kim YJ, Han JK, Choi BI. Staging Accuracy of MR for
Pancreatic Neuroendocrine Tumor and Imaging Findings According to the
Tumor Grade. Abdominal Imaging (2013) 38:1106–14. doi: 10.1007/s00261-
013-0011-y

2. Falconi M, Eriksson B, Kaltsas G, Bartsch DK, Capdevila J, Caplin M, et al.
ENETS Consensus Guidelines Update for the Management of Patients With
Functional Pancreatic Neuroendocrine Tumors and Non-Functional
FIGURE 1 | ROC analysis of the significant differences of radiomic analysis between G1 and G2 of PNETs. Abbreviations: PNETs, pancreatic neuroendocrine tumors.
November 2021 | Volume 11 | Article 758062

https://www.frontiersin.org/articles/10.3389/fonc.2021.758062/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.758062/full#supplementary-material
https://doi.org/10.1007/s00261-013-0011-y
https://doi.org/10.1007/s00261-013-0011-y
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Li et al. Radiomic-Analysis Predicting PNET Grading Risk
Pancreatic Neuroendocrine Tumors. Neuroendocrinology (2016) 103(2):153–
71. doi: 10.1159/000443171

3. Halfdanarson TR, Rabe KG, Rubin J, Petersen GM. Pancreatic
Neuroendocrine Tumors (PNETs): Incidence, Prognosis and Recent Trend
Toward Improved Survival. Ann Oncol: Off J Eur Soc Med Oncol/ESMO
(2008) 19(10):1727–33. doi: 10.1093/annonc/mdn351

4. Lloyd RV, Osamura RY, Klöppel G, Rosai J. WHO Classification of Tumours
of Endocrine Organs. Lyon: International Agency for Research on Cancer
(IARC) (2017).

5. Mpilla GB, Philip PA, B. El-Rayes and AS. Pancreatic Neuroendocrine
Tumors: Therapeutic Challenges and Research Limitations. World J
Gastroenterol (2020) 26(28):4036–54. doi: 10.3748/wjg.v26.i28.4036

6. Butturini G, Bettini R, Missiaglia E, Mantovani W, Dalai I, Capelli P, et al.
Predictive Factors of Efficacy of the Somatostatin Analogue Octreotide as First
Line Therapy for Advanced Pancreatic Endocrine Carcinoma. Endocrine-
Related Cancer (2006) 13(4):1213–21. doi: 10.1677/erc.1.01200

7. Pezzilli R, Partelli S, Cannizzaro R, Pagano N, Crippa S, Pagnanelli M, et al.
Ki-67 Prognostic and Therapeutic Decision Driven Marker for Pancreatic
Neuroendocrine Neoplasms (PNENs): A Systematic Review. Adv Med Sci
(2016) 61(1):147–53. doi: 10.1016/j.advms.2015.10.001

8. Scarpa A, Mantovani W, Capelli P, Beghelli S, Boninsegna L, Bettini R, et al.
Pancreat ic Endocr ine Tumors : Improved TNM Staging and
Histopathological Grading Permit a Clinically Efficient Prognostic
Stratification of Patients. Modern Pathol: An Off J United States Can Acad
Pathol (2010) 23(6):824–33. doi: 10.1038/modpathol.2010.58

9. De Robertis R, Cingarlini S, Tinazzi Martini P, Ortolani S, Butturini G,
Landoni L, et al. Pancreatic Neuroendocrine Neoplasms: Magnetic Resonance
Imaging Features According to Grade and Stage.World J Gastroenterol (2017)
23(2):275–85. doi: 10.3748/wjg.v23.i2.275

10. Jeon SK, Lee JM, Joo I, Lee ES, Park HJ, Jang JY, et al. Nonhypervascular
Pancreatic Neuroendocrine Tumors: Differential Diagnosis From Pancreatic
Ductal Adenocarcinomas at MR Imaging-Retrospective Cross-Sectional
Study. Radiology; (2017) 284(1):77–87. doi: 10.1148/radiol.2016160586

11. Yamamoto Y, Okamura Y, Uemura S, Sugiura T, Ito T, Ashida R, et al.
Vascularity and Tumor Size Are Significant Predictors for Recurrence After
Resection of a Pancreatic Neuroendocrine Tumor. Ann Surg Oncol (2017) 24
(8):2363–70. doi: 10.1245/s10434-017-5823-5

12. Manfredi R, Bonatti M, Mantovani W, Graziani R, Segala D, Capelli P, et al.
Non-Hyperfunctioning Neuroendocrine Tumours of the Pancreas: MR
Imaging Appearance and Correlation With Their Biological Behaviour. Eur
Radiol (2013) 23(11):3029–39. doi: 10.1007/s00330-013-2929-4

13. Guo C, Chen X, Xiao W, Wang Q, Sun K, Wang Z. Pancreatic
Neuroendocrine Neoplasms at Magnetic Resonance Imaging: Comparison
Between Grade 3 and Grade 1/2 Tumors. OncoTargets Ther (2017) 10:1465–
74. doi: 10.2147/OTT.S127803

14. Kartalis N, Mucelli RM, Sundin A. Recent Developments in Imaging of
Pancreatic Neuroendocrine Tumors. Ann Gastroenterol (2015) 28(2):193–202.

15. Bettini R, Partelli S, Boninsegna L, Capelli P, Crippa S, Pederzoli P, et al. Tumor
Size Correlates With Malignancy in Nonfunctioning Pancreatic Endocrine
Tumor. Surgery (2011) 150(1):75–82. doi: 10.1016/j.surg.2011.02.022

16. Lotfalizadeh E, Ronot M, Wagner M, Cros J, Couvelard A, Vullierme MP,
et al. Prediction of Pancreatic Neuroendocrine Tumour Grade With MR
Imaging Features: Added Value of Diffusion-Weighted Imaging. Eur Radiol
(2017) 27(4):1748–59. doi: 10.1007/s00330-016-4539-4

17. Kim DW, Kim HJ, Kim KW, Byun JH, Song KB, Kim JH, et al.
Neuroendocrine Neoplasms of the Pancreas at Dynamic Enhanced CT:
Comparison Between Grade 3 Neuroendocrine Carcinoma and Grade 1/2
Neuroendocrine Tumour. Eur Radiol (2015) 25(5):1375–83. doi: 10.1007/
s00330-014-3532-z

18. Jang KM, Kim SH, Lee SJ, Choi D. The Value of Gadoxetic Acid-Enhanced
and Diffusion-Weighted MRI for Prediction of Grading of Pancreatic
Neuroendocrine Tumors. Acta Radiol (2014) 55(2):140–8. doi: 10.1177/
0284185113494982

19. Hwang EJ, Lee JM, Yoon JH, Kim JH, Han JK, Choi BI, et al. Intravoxel
Incoherent Motion Diffusion-Weighted Imaging of Pancreatic
Neuroendocrine Tumors: Prediction of the Histologic Grade Using Pure
Diffusion Coefficient and Tumor Size. Invest Radiol (2014) 49(6):396–402.
doi: 10.1097/RLI.0000000000000028
Frontiers in Oncology | www.frontiersin.org 6
20. De Robertis R, D’Onofrio M, Zamboni G, Tinazzi Martini P, Gobbo S, Capelli
P, et al. Pancreatic Neuroendocrine Neoplasms: Clinical Value of Diffusion-
Weighted Imaging. Neuroendocrinology (2016) 103(6):758–70. doi: 10.1159/
000442984

21. Dromain C, Deandreis D, Scoazec JY, Goere D, Ducreux M, Baudin E, et al.
Imaging of Neuroendocrine Tumors of the Pancreas. Diagn Interventional
Imag (2016) 97(12):1241–57. doi: 10.1016/j.diii.2016.07.012

22. Kang KM, Lee JM, Yoon JH, Kiefer B, Han JK, Choi BI. Intravoxel Incoherent
Motion Diffusion-Weighted MR Imaging for Characterization of Focal
Pancreatic Lesions. Radiology (2014) 270(2):444–53. doi: 10.1148/
radiol.13122712

23. Wang Y, Chen ZE, Yaghmai V, Nikolaidis P, McCarthy RJ, Merrick L, et al.
Diffusion-Weighted MR Imaging in Pancreatic Endocrine Tumors Correlated
With Histopathologic Characteristics. J Magnetic Resonance Imaging: JMRI
(2011) 33(5):1071–9. doi: 10.1002/jmri.22541

24. Pereira JA, Rosado E, Bali M, Metens T, Chao SL. Pancreatic Neuroendocrine
Tumors: Correlation Between Histogram Analysis of Apparent Diffusion
Coefficient Maps and Tumor Grade. Abdom Imaging (2015) 40(8):3122–8.
doi: 10.1007/s00261-015-0524-7

25. Kulali F, Semiz-Oysu A, Demir M, Segmen-Yilmaz M, Bukte Y. Role of
Diffusion-Weighted MR Imaging in Predicting the Grade of Nonfunctional
Pancreatic Neuroendocrine Tumors. Diagn Interventional Imag (2018) 99
(5):301–9. doi: 10.1016/j.diii.2017.10.012

26. Saleh M, Bhosale PR, Yano M, Itani M, Elsayes AK, Halperin D, et al. New
Frontiers in Imaging Including Radiomics Updates for Pancreatic
Neuroendocrine Neoplasms. Abdom Radiol (NY) (2020). doi: 10.1007/
s00261-020-02833-8

27. Canellas R, Burk KS, Parakh A, Sahani DV. Prediction of Pancreatic
Neuroendocrine Tumor Grade Based on CT Features and Radiomic
Analysis. AJR Am J Roentgenol (2018) 210(2):341–6. doi: 10.1007/s00330-
019-06176-x

28. Choi TW, Kim JH, Yu MH, Park SJ, Han JK. Pancreatic Neuroendocrine
Tumor: Prediction of the Tumor Grade Using CT Findings and Computerized
Radiomic Analysis. Acta Radiol (2018) 59(4):383–92. doi: 10.1177/
0284185117725367

29. Fedorov A, Beichel R, Kalpathy-Cramer J, Finet J, Fillion-Robin JC, Pujol S,
et al. 3d Slicer as an Image Computing Platform for the Quantitative Imaging
Network. Magnetic Resonance Imaging (2012) 30(9):1323–41. doi: 10.1016/
j.mri.2012.05.001

30. Ganeshan B, Miles KA. Quantifying Tumour Heterogeneity With CT. Cancer
Imaging: Off Publ Int Cancer Imaging Soc (2013) 13:140–9. doi: 10.1102/1470-
7330.2013.0015

31. Bartoli M, Barat M, Dohan A, Gaujoux S, Coriat R, Hoeffel C, et al. CT and
MRI of Pancreatic Tumors: An Update in the Era of Radiomics. Jpn J Radiol
38 (2020) 12:1111–24. doi: 10.1007/s11604-020-01057-6

32. Davnall F, Yip CS, Ljungqvist G, Selmi M, Ng F, Sanghera B, et al.
Assessment of Tumor Heterogeneity: An Emerging Imaging Tool for
Clinical Practice? Insights Into Imag (2012) 3(6):573–89. doi: 10.1102/
1470-7330.2013.0015

33. Ryu YJ, Choi SH, Park SJ, Yun TJ, Kim JH, Sohn CH. Glioma: Application of
Whole-Tumor Radiomic Analysis of Diffusion-Weighted Imaging for the
Evaluation of Tumor Heterogeneity. PloS One (2014) 9(9):e108335.
doi: 10.1371/journal.pone.0108335

34. Skogen K, Ganeshan B, Good C, Critchley G, Miles K. Measurements of
Heterogeneity in Gliomas on Computed Tomography Relationship to
Tumour Grade. J Neuro-Oncol (2013) 111(2):213–9. doi: 10.1007/s11060-
012-1010-5

35. Nguyen HT, Shah ZK, Mortazavi A, Pohar KS, Wei L, Jia G, et al. Non-
Invasive Quantification of Tumour Heterogeneity in Water Diffusivity to
Differentiate Malignant From Benign Tissues of Urinary Bladder: A Phase I
Study. Eur Radiol (2017) 27(5):2146–52. doi: 10.1007/s00330-016-4549-2

36. De Robertis R, Maris B, Cardobi N, Tinazzi Martini P, Gobbo S, Capelli P,
et al. Can Histogram Analysis of MR Images Predict Aggressiveness in
Pancreatic Neuroendocrine Tumors? Eur Radiol (2018) 28(6):2582–91.
doi: 10.1007/s00330-017-5236-7

37. Hu Y, Rao S, Xu X, Tang Y, Zeng M. Grade 2 Pancreatic Neuroendocrine
Tumors: Overbroad Scope of Ki-67 Index According to MRI Features. Abdom
Radiol (NY) (2018) 43(11):3016–24. doi: 10.1007/s00261-018-1573-5
November 2021 | Volume 11 | Article 758062

https://doi.org/10.1159/000443171
https://doi.org/10.1093/annonc/mdn351
https://doi.org/10.3748/wjg.v26.i28.4036
https://doi.org/10.1677/erc.1.01200
https://doi.org/10.1016/j.advms.2015.10.001
https://doi.org/10.1038/modpathol.2010.58
https://doi.org/10.3748/wjg.v23.i2.275
https://doi.org/10.1148/radiol.2016160586
https://doi.org/10.1245/s10434-017-5823-5
https://doi.org/10.1007/s00330-013-2929-4
https://doi.org/10.2147/OTT.S127803
https://doi.org/10.1016/j.surg.2011.02.022
https://doi.org/10.1007/s00330-016-4539-4
https://doi.org/10.1007/s00330-014-3532-z
https://doi.org/10.1007/s00330-014-3532-z
https://doi.org/10.1177/0284185113494982
https://doi.org/10.1177/0284185113494982
https://doi.org/10.1097/RLI.0000000000000028
https://doi.org/10.1159/000442984
https://doi.org/10.1159/000442984
https://doi.org/10.1016/j.diii.2016.07.012
https://doi.org/10.1148/radiol.13122712
https://doi.org/10.1148/radiol.13122712
https://doi.org/10.1002/jmri.22541
https://doi.org/10.1007/s00261-015-0524-7
https://doi.org/10.1016/j.diii.2017.10.012
https://doi.org/10.1007/s00261-020-02833-8
https://doi.org/10.1007/s00261-020-02833-8
https://doi.org/10.1007/s00330-019-06176-x
https://doi.org/10.1007/s00330-019-06176-x
https://doi.org/10.1177/0284185117725367
https://doi.org/10.1177/0284185117725367
https://doi.org/10.1016/j.mri.2012.05.001
https://doi.org/10.1016/j.mri.2012.05.001
https://doi.org/10.1102/1470-7330.2013.0015
https://doi.org/10.1102/1470-7330.2013.0015
https://doi.org/10.1007/s11604-020-01057-6
https://doi.org/10.1102/1470-7330.2013.0015
https://doi.org/10.1102/1470-7330.2013.0015
https://doi.org/10.1371/journal.pone.0108335
https://doi.org/10.1007/s11060-012-1010-5
https://doi.org/10.1007/s11060-012-1010-5
https://doi.org/10.1007/s00330-016-4549-2
https://doi.org/10.1007/s00330-017-5236-7
https://doi.org/10.1007/s00261-018-1573-5
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Li et al. Radiomic-Analysis Predicting PNET Grading Risk
38. BianY, Li J,CaoK, FangX, JiangH,MaC, et al.MagneticResonance ImagingRadiomic
Analysis Can Preoperatively Predict G1 and G2/3 Grades in PatientsWith NF-pNETs.
Abdom Radiol (NY) (2021) 46(2):667–80. doi: 10.1007/s00261-020-02706-0

39. Bian Y, Zhao Z, Jiang H, Fang X, Li J, Cao K, et al. Noncontrast Radiomics
Approach for Predicting Grades of Nonfunctional Pancreatic Neuroendocrine
Tumors. J Magn Reson Imaging (2020) 52(4):1124–36. doi: 10.1002/jmri.27176

40. d’Assignies G, Couvelard A, Bahrami S, Vullierme MP, Hammel P, Hentic O,
et al. Pancreatic Endocrine Tumors: Tumor Blood Flow Assessed With
Perfusion CT Reflects Angiogenesis and Correlates With Prognostic
Factors. Radiology (2009) 250(2):407–16. doi: 10.1148/radiol.2501080291

41. Braden B, Jenssen C, D’Onofrio M, Hocke M, Will U, Moller K, et al. B-Mode
and Contrast-Enhancement Characteristics of Small Nonincidental
Neuroendocrine Pancreatic Tumors. Endoscopic Ultrasound (2017) 6(1):49–
54. doi: 10.4103/2303-9027.200213

42. Khashab MA, Yong E, Lennon AM, Shin EJ, Amateau S, Hruban RH, et al.
EUS Is Still Superior to Multidetector Computerized Tomography for
Detection of Pancreatic Neuroendocrine Tumors. Gastrointestinal
Endoscopy (2011) 73(4):691–6. doi: 10.1016/j.gie.2010.08.030

43. James PD, Tsolakis AV, Zhang M, Belletrutti PJ, Mohamed R, Roberts DJ,
et al. Incremental Benefit of Preoperative EUS for the Detection of Pancreatic
Neuroendocrine Tumors: A Meta-Analysis. Gastrointestinal Endoscopy
(2015) 81(4):848–56.e1. doi: 10.1016/j.gie.2014.12.031

44. Ishii T, Katanuma A, Toyonaga H, Chikugo K, Nasuno H, Kin T, et al. Role of
Endoscopic Ultrasound in the Diagnosis of Pancreatic Neuroendocrine
Neoplasms. Diagnostics (2021) 11(2):316. doi: 10.3390/diagnostics11020316

45. Crino SF, Ammendola S, Meneghetti A, Bernardoni L, MC CB, Gabbrielli A,
et al. Comparison Between EUS-Guided Fine-Needle Aspiration Cytology and
EUS-Guided Fine-Needle Biopsy Histology for the Evaluation of Pancreatic
Frontiers in Oncology | www.frontiersin.org 7
Neuroendocrine Tumors. Pancreatol: Off J Int Assoc Pancreatol (2021) 21
(2):443–50. doi: 10.1016/j.pan.2020.12.015

46. Crino SF, Di Mitri R, Nguyen NQ, Tarantino I, de Nucci G, Deprez PH, et al.
Endoscopic Ultrasound-Guided Fine-Needle Biopsy With or Without Rapid
On-Site Evaluation for Diagnosis of Solid Pancreatic Lesions: A Randomized
Controlled Non-Inferiority Trial. Gastroenterology (2021) 161(3):899–909.e5.
doi: 10.1053/j.gastro.2021.06.005

47. Paiella S, Landoni L, Rota R, Valenti M, Elio G, Crino SF, et al. Endoscopic
Ultrasound-Guided Fine-Needle Aspiration for the Diagnosis and Grading of
Pancreatic Neuroendocrine Tumors: A Retrospective Analysis of 110 Cases.
Endoscopy (2020) 52(11) 988–94. doi: 10.1055/a-1180-8614

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Li, Xu and Ye. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
November 2021 | Volume 11 | Article 758062

https://doi.org/10.1007/s00261-020-02706-0
https://doi.org/10.1002/jmri.27176
https://doi.org/10.1148/radiol.2501080291
https://doi.org/10.4103/2303-9027.200213
https://doi.org/10.1016/j.gie.2010.08.030
https://doi.org/10.1016/j.gie.2014.12.031
https://doi.org/10.3390/diagnostics11020316
https://doi.org/10.1016/j.pan.2020.12.015
https://doi.org/10.1053/j.gastro.2021.06.005
https://doi.org/10.1055/a-1180-8614
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Prediction of Pancreatic Neuroendocrine Tumor Grading Risk Based on Quantitative Radiomic Analysis of MR
	Introduction
	Materials and Methods
	MRI Examinations
	Delineation of ROI
	Computerized Radiomic Analysis Based on the ROI
	Radiomic Statistical Analysis

	Results
	Patients Population
	Significant Radiomic Features Differences of Tumor Grades
	Logistic Regression Analysis and ROC Analysis for the Prediction of Tumor Grades

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


